Abstract. This paper presents the methods used and initial data analysis implemented toward the development of a spatial-architectural model for outdoor thermal comfort. Variables have been identified from existing thermal comfort models and qualified relative to their spatiality while data from a subset of these has been collected for preliminary statistical modelling, used to develop an initial understanding of the significance of spatial variables on thermal comfort. Although the specific analyses undertaken thus far are only introductory and do not provide definitive conclusions on their significance, the current study begins to bring to light the possibility that some explicitly spatial variables may explain enough variation in outdoor thermal comfort to justify the creation of a thermal comfort model for architectural design. The benefits of this approach on urban design and urban analysis is discussed.
Introduction
It has been suggested that microclimatic variation in the urban environment can promote the increased use and creation of programmed space which contributes to the social and cultural life of the city [1] while increasing the thermal comfort range [2] . However, determining comfort in a dynamic urban environment is not a trivial task. Over the past 100 years or so, hundreds of indices have been developed in order to arrive at the calculation of a single value of thermal comfort, focusing primarily on the six basic human thermal comfort parameters. From initial field studies using a kata thermometer [3] undertaken in the early part of the 20 th century to the most contemporary computationally-driven indices, such as the Universal Thermal Climate Index [4] , this quantification of thermal comfort is largely driven through the understanding of the environment, human physiology and behavior. Both the Modified Temperature Index [5] and the Actual Sensation Vote [6] address the relationship between a model of thermal comfort and space -and specifically, the outdoor urban environment -but ultimately consider these same environmental physiological and behavioral parameters which cannot necessarily be controlled through architectural design. If architects can only design space, rather than the climate of a space or the physiology of a human within a space, it is crucial to develop an understanding of the spatial variables affecting thermal comfort. This paper presents the methods used and initial data analysis implemented toward the development of a spatial-architectural model for outdoor thermal comfort and discusses the implications of such a model on architectural design. The methods and preliminary analysis presented in this paper are part of a larger research investigating the extent of significance of these spatial variables on thermal comfort.
Methods

Identification of Parameters and Parameter Classes
While this research ultimately aims to propose a model for outdoor thermal comfort, a review of 64 indoor and outdoor thermal comfort indices has been conducted in order to gain a broad view of the variables included within the models and to identify those which are spatial in character. Previous cataloguing of thermal comfort indices undertaken by de Freitas and Grigorieva [7] , Blazejczyk, Epstein, et al. [8] , Auliciems and Szokolay [9] and Parsons [10] were used as primary sources of identification. In order to categorize variables considered in each index, six variable classes have been identified as physiological, behavioral, environmental, psychological, positional and demographical. Physiological variables are those that relate to the body functions of the individual human body. Behavioral variables are those actions which are carried out by the individual. Environmental variables are associated with the physical conditions and surroundings. Psychological variables 1 are those that are personal, subjective or related to history, memory or thought processes of the individual. Positional variables concern the location or climatic context at which the index was calculated or aimed. Finally, demographical variables belong to those characteristics of a specific population type for which the index was calculated or aimed.
Data Recording
The study of variables within the thermal comfort indices explored led to the identification of 96 distinct variables. In order to determine the significance of the variables on thermal comfort, an analysis of all independent variables was required. Therefore, literature on each of the 64 thermal comfort indices identified has been reviewed fully in order to appropriate values for each variable across all indices. A number of assumptions have been made within this method in order to reduce the number of independent variables. For instance, any indoor environment is assumed to be without direct solar radiation. A school environment, for example, will likely have students sitting at their desks which would be abstracted through an appropriate metabolic rate. In this regard, it would therefore be acceptable to eliminate an occupational variable. Similarly, the individual country which has been identified as a specific variable has been omitted; this information can be accounted for through psychological parameters, due to the fact that the overarching cultural significance to thermal comfort is acclimatization, and acclimatization can be considered within variables such as time (time spent within a space) and long-term experience (experience built over numerous visits to a space or over long periods of time). Furthermore, in an attempt to include as many data points as possible within the global set, assumptions have been made for those data points that were missing based on logical deduction. For example, where air humidity or air pressure values have been omitted within a data set in the literature, a logical assumption has been made using published weather data sets (TMY3 or IWEC, for example) for those specific geographical locations in order to arrive at an approximate value for these variables. After recording data collected during original field experiments described in the literature and logically assumed, the matrix of indices and variables was edited in order to arrive at a data set with a large portion of recorded data points, resulting in a set of 753 data points across 27 variables and 14 indices.
Preliminary Analysis of Thermal Comfort Data
It is beneficial to perform preliminary analysis on the data set, in order to develop an understanding of patterns and relationships between each independent variable and the dependent variable. In doing so, a scatterplot was generated for each of the 24 continuous independent variables related to thermal comfort. While three ordinal variables have been identified, they have been omitted from this study at present due to the complexity in their analysis, but will be included in future studies. The Pearson's Correlation Coefficient, or r, was calculated for each independent variable relative to the dependent variable, and ranked [ Figure 1 ] for the purposes of comparison. Due to the large variation in data sets from different thermal comfort indices, a specific judgement on how to interpret the correlation coefficient has not been made. However, it can be noted that five variables have a correlation coefficient above ± 0.6, four variables between ± 0.4 and ± 0.59, while the remaining 15 variables showed low to no correlation.
Single Variable Linear Regression and Best-Fit Curves
Further to calculating the Pearson's Correlation Coefficient for each continuous independent variable and thermal comfort, the coefficient of determination or R 2 , was calculated, and the best-fit curve and its equation was found for those variables with R² values greater than 0.50 [ Figure 2 ]. While r gives the correlation and positive-negative relationship between an independent and its dependent variable, R 2 returns the percentage of data that can be explained by the best-fit curve [12] . There is no doubt that the above quantitative analysis holds great value; at the same time, however, it is important to view the data qualitatively in order to discern patterns and potential non-linear relationships that may not accurately explain the data [13, 14] . For this reason, each scatter plot has been assessed visually. For a number of scatterplots, it has been found that specific indices caused outliers to change the coefficient of determination and the resulting best-fit curve. In these instances, data from these indices have been removed and the coefficient of determination recalculated. An altered ranking of continuous independent variables following this visual analysis has been developed [ Figure 4 ] for the purposes of comparison. 
Analysis of Parameter Spatiality
In making the distinction between those parameters that are spatial from those that are not, parameters that are at a scale larger than the space under examination, such as weather patterns, as well as those that are controlled by or linked to the individual have not been included. Because all indices identified do not take into account the same parameters, it is not possible to compare them through absolute terms. There fore, a system of relative spatiality [ Figure 5 ], as defined by orders of magnitude, has been defined in order to determine those parameters which are to be included in a proposed spatial model for thermal comfort. Those parameters which are inherently spatial are considered of the zeroth order; those which are directly affected by space are of the first order; those which are affected by first-order parameters are of the second order, and so on. Those parameters which are in no way affected by space are of an infinite order. Including all parameters which are in some way spatial (while omitting those which are of an infinite order) would result in a highly complicated model with numerous variables which could not be controlled architecturally. Therefore only those that are of a zeroth or first order will be considered as spatial within a new model for thermal comfort as they provide a real opportunity for spatial impact in the design process. It is important to mention that those parameters which have been identified previously as discreet but are in fact specific instances of more generic parameters have been considered only in the generic. For example, metabolic rate, or activity, has been identified in various specific quantities such as light activities or moderate exercise, but in evaluating their spatiality are considered together as metabolic rate. Determining the order of spatiality of all parameters results in the establishment of 14 spatial parameters whose significance toward thermal comfort can be considered. These parameters include: location (indoors or outdoors), naturalness, time, environmental stimulation, perceived control, short-term experience, decision, mean radiant temperature, wall temperature, solar radiation, air velocity, turbulent air movement, and metabolic rate of three parameter classes: environment, psychology, and behavior.
Discussion
Understanding the relationships between all independent variables and their effect on thermal comfort is crucial in developing a new model for thermal comfort. However, it is paramount to understand the particular significance of those variables that are spatial so that they may be leveraged by architects in the design of architectural space. The above statistical analysis has shown that the regression equation for the highest significance of an independent variable (wall temperature) can account for only approximately 50% of all variation in the dependent variable (thermal comfort).
Although this may at first glance appear to be a very low significance, this is difficult to ascertain from this study alone. The collected data set includes data points from different models and therefore likely possesses hierarchical relationships that should be statistically considered in future. While it is beneficial to approach each individual independent variable analytically, it is clear that thermal comfort cannot be explained by one independent variable alone, and the relationship between independent variables may better explain their significance on thermal comfort. A regression model will be developed in the next phase of this research in order to determine the independent variables which affect thermal comfort, and distinctly, the significance of those independent variables that are spatial. Particular emphasis will be made on exploring hierarchical statistical models in order to account for the numerous existing indices studied and the varied data that has been recorded.
This presents a noteworthy and consequential opportunity for designers to modify the conventional approach to design, where an independent variable, such as time or naturalness, for example, may hold similar or greater importance than traditional design variables such as morphology or orientation. While a definitive conclusion cannot be made from the specific analyses undertaken thus far, the current study begins to bring to light the possibility that some explicitly spatial variables may explain enough variation in outdoor thermal comfort to justify the creation of a thermal comfort model for architectural design.
4
Future Outlook
Thermal Comfort as an Urban Design Tool
This new spatial-architectural model for thermal comfort has the potential to be used as an urban design tool, capable of aiding in the design of outdoor spaces, their adjacencies and ultimately their programs. This presents a significant shift from current thermal comfort models, often used as verification tools or as a mechanism to inform users of how behavior, such as the increase or decrease of clothing layers, must be amended. In contrast, if it is assumed that spatial parameters such as wall and mean radiant temperatures as well as naturalness, for example, are statistically significant in determining thermal comfort, this provides architects an opportunity to leverage design decisions around these parameters. For example, the materiality and color of external surfaces of buildings and ground may hold particular importance, as the surface albedo would contribute directly to both wall temperature and mean radiant temperature. The materiality of a building system has a direct relationship to structure; in this case, it is not difficult to imagine that structural systems, intrinsically tied to architectural quality and morphology, could thus begin to connect closely to outdoor thermal comfort. Designers too could begin to develop novel approaches to solar access or wind flow, for instance, so that artificial lighting or ventilation is decreased and naturalness is amplified.
Thermal Comfort as an Urban Analysis Tool
Furthermore, this thermal comfort model can be compared to existing spatial analysis methods to develop an understanding of the ability for thermal comfort to predict spatial use. While the Space Syntax method, for example, employs topological and geometric analyses to determine spatial use [15] , the thermal comfort model sought in this research provides an opportunity to explore spatial analysis through architectural design. This alteration to an approach toward urban analysis may allow for an enhancement in empathic design in a field where increased quantitative design is often seen as lacking in human quality.
Conclusions
The research presented here demonstrates the methods and preliminary statistical analysis of a set of independent variables in determining thermal comfort. Pearson correlation coefficient values have been calculated and ranked in order to develop an understanding of the relative correlations of independent variables and thermal comfort. Coefficients of determination have also been calculated; while the greatest significance has only shown a 50% description for output data, a high proportion of independent variables have R 2 values well above the mean value; these findings begin to suggest that the relative significance of independent variables may hold importance, rather than specific absolute values. Only a multilevel regression analysis of all independent variables will allow for a real understanding of the significance of independent variables on thermal comfort. Nonetheless, a new approach to design may emerge from the utilization of a spatial model for thermal comfort, where design parameters that affect those variables have great importance and potentially begin to transform analysis-driven architectural design toward a humanistic perspective.
